The control of meningitis, meningococcemia and other infections caused by Neisseria meningitidis is a significant global health challenge. Substantial progress has occurred in the last twenty years in meningococcal vaccine development and global implementation. Meningococcal protein-polysaccharide conjugate vaccines to serogroups A, C, W, and Y (modeled after the Haemophilus influenzae b conjugate vaccines) provide better duration of protection and immunologic memory, and overcome weak immune responses in infants and young children and hypo-responsive to repeated vaccine doses seen with polysaccharide vaccines. ACWY conjugate vaccines also interfere with transmission and reduce nasopharyngeal colonization, thus resulting in significant herd protection. Advances in serogroup B vaccine development have also occurred using conserved outer membrane proteins with or without OMV as vaccine targets. Challenges for meningococcal vaccine research remain including developing combination vaccines containing ACYW(X) and B, determining the ideal booster schedules for the conjugate and MenB vaccines, and addressing issues of waning effectiveness.
Introduction
Neisseria meningitidis causes large epidemics of meningitis as well as smaller outbreaks, clusters of cases and endemic disease worldwide. [1] [2] [3] In the pre-serum, pre-antibiotic era, meningococcal disease had an overall mortality rate of 70-85%. Current mortality remains 10-15% in developed countries, and ranges higher (»20%) in the developing world. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Morbidity related to sequelae of meningococcal disease remains high, with up to 20% of survivors experiencing long-term disabilities including developmental delays, deafness, and loss of limbs. 2, 6, 7 While antibiotic therapy has decreased mortality, the continued 10-20% mortality and the long-term morbidity remain significant issues. Thus, the ideal strategy to manage N. meningitidis is through immunization for disease prevention. Since the early 20 th century, efforts to produce successful vaccines against the different serogroups of N. meningitidis have faced numerous challenges. The A, C, Y, W polysaccharide vaccines first introduced in the 1970's, while a major advance, had significant limitations including a short-lived duration of protection, weak immune response in infants (a high-risk group for the pathogen) and the failure to induce immunologic memory. Serogroup B vaccine development was particularly challenging due to identity of the B capsule to human antigens. 14, 15 Following the model of the successful Haemophilus influenzae b capsular polysaccharide-protein conjugate vaccines, new meningococcal capsular polysaccharide-protein conjugate vaccines were developed that overcame limitations of polysaccharide-alone vaccines. Meningococcal capsular polysaccharide-protein conjugate vaccines for A, C, W, Y provide herd protection through interference with N. meningitidis transmission. In addition, advances in serogroup B meningococcal vaccine development have been achieved through "reverse vaccinology" strategies, using genomic sequencing to first identify protective, conserved outer membrane proteins as vaccine targets individually or with outer membrane vesicles, as opposed to polysaccharide capsule. Despite these advances, further work is needed to 1) address gaps in vaccine coverage (e.g. some B subtypes, serogroup X, nongroupable strains), 2) better define duration of protection and waning vaccine efficacy and effectiveness over time (e.g. is herd protection induced by the new serogroup B vaccines?), 3) understand the best use of these vaccines in high risk populations and in outbreaks, 4) introduce meningococcal vaccines globally, and 5) reduce the costs (increasing availability) of these vaccines.
Serologic and genotyping of N. meningitidis
Neisseria meningitidis is classified into serogroups based on the immunogenicity and structure of the polysaccharide capsule.
factors specifically related to genotype. 3 Almost all meningococcal strains responsible for causing invasive disease are encapsulated. N. meningitidis benefits from molecular mimicry through incorporation of Neu5Ac, the most common form of sialic acid in humans, into the meningococcal capsule.
14, 16 The capsule provides resistance against antibody/complement-mediated killing and inhibits phagocytosis. 17 The serogroup B capsule, an a(2-8)-linked sialic acid homopolymer, is identical in structure to the human fetal neural cell-adhesion molecule (NCAM). 14, 15 This identity results in a particularly poor immune response against serogroup B capsule in humans. 18 In addition to serogroups, N. meningitidis can be further classified by molecular typing techniques. 19 Molecular typing, genomic sequencing typing (ST) and now whole genome sequencing (WGS), is now the favored approach for identifying related strains, clades, clonal groups-particularly those involved in outbreaks, and potentially predicting vaccine coverage. Multilocus sequence typing (MLST) has been the gold standard genomic technique. 19 Isolates are categorized into sequence types (ST) defined by specific combinations of unique sequences of the 7 conserved gene loci. Closely related sequence types are further grouped into categories of clonal complexes (CC) and fine typed using Porin A (PorA), Porin B (PorB), and Ferric enterobactin transport (FetA) alleles. Sequence types and clonal complexes are independent of meningococcal serogroups. In recent years, WGS has also been widely applied to determine, sequence type and clonal complex, and to study of meningococcal molecular epidemiology, providing additional insights into the extensive, but highly structured genetic diversity of the meningococcus.
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Risk factors for invasive disease
Bactericidal antibodies and intact complement pathways are the key correlate of protection against invasive meningococcal disease, with opsonization and phagocyte killing secondarily contributing. Antibodies typically appear in serum 2 weeks after meningococcal nasopharyngeal colonization. 2, 23 Of note, Goldschneider et al. 24 found that age specific incidence of meningococcal disease is inversely proportional to the prevalence of serum bactericidal antibodies (SBA) to the meningococcus. Individuals with congenital or acquired deficiencies of either immunoglobulins or complement, persons with anatomic or functional asplenia, and persons with HIV are at increased risk for invasive meningococcal disease. 25, 26 Environmental risk factors for meningococcal transmission and disease include tobacco exposure (active or passive), low humidity, winter months in temperate climates, the dry, dust exposure (Harmattan winds) of sub-Saharan Africa, and overcrowding. [27] [28] [29] [30] [31] Populations at increased risk include persons living in close quarters such as military recruits or college students housed in dorms, men who have sex with men (MSM), 32 microbiologists 33 who regularly work with meningococcal isolates, individuals receiving the complement inhibitor eculizumab, 34 and travelers to the meningitis belt in sub-Saharan Africa or to the Hajj or Umrah in Saudi Arabia.
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Clinical disease
The clinical spectrum of disease ranges from transient bacteremia to septic shock. The most common clinical syndrome is acute bacterial meningitis with fever, headache, neck stiffness, and photophobia. 1, 2, 35 A erythematous, petechial or purpuric rash accompanies clinical disease 28-77% of the time but can be subtle. 2 Ten to 20% of patients present with fulminant meningococcemia with associated multi-organ failure, disseminated intravascular coagulation (DIC), and up to 50% of these cases result in death. Long-term sequelae of meningococcal disease including neurologic deficits, developmental disability, or limb ischemia and necrosis occurs in 10 to 20% of patients with meningitis and meningococcemia. 2, 36 Epidemiology of N. meningitidis Figure 1 Meningococcal disease occurs worldwide but with significant variation in rates of disease based on circulating clonal complexes, serogroup, geographic location, population susceptibility and age. Disease can be sporadic, hyper-sporadic, or cause outbreaks or large epidemics. Since the 1990s in the US, the incidence has declined annually, a trend that started even before routine use of the meningococcal polysaccharide-conjugate vaccine in adolescents was recommended in 2005. 37 In 2015, the incidence in the US was 0.12 cases per 100,000 population. 7, 38 The explanation for this decline is multifactorial and includes advances in vaccine development, natural cyclic changes in incidence, and widespread use of antibiotics such as azithromycin and ciprofloxacin that eliminate meningococcal carriage. A published review of US antibiotic prescribing revealed that nearly a quarter of the US population is prescribed ciprofloxacin or azithromycin annually, 39 potentially indirectly contributing to the decline in meningococcal disease incidence.
Despite low incidence, the overall case-fatality ratio remains unchanged with an overall case-fatality ratio of 16.2% in the US in 2015. 7 Incidence also remains high in children under one year of age, 1.14 per 100,000 population, with the majority of disease being caused by serogroup B.
The highest burden of meningococcal disease, especially meningitis, occurs in sub-Saharan African across a region that includes 18 countries and parts of 8 others from Senegal in the west to Ethiopia in the east described as the "sub-Saharan African meningitis belt." The overall incidence rate of meningococcal disease in sub-Saharan Africa in the years immediately pre-serogroup A conjugate vaccine (2004-2009) ranged from 10 per 100,000 to 26 per 100,000. In serogroup A epidemics, rates could approach 1000/100,000. There has been a dramatic decrease in meningococcal disease incidence and the elimination of massive outbreaks in the meningitis belt of Africa following the introduction of the serogroup A conjugate vaccine. 6 Serogroup A disease in the region has virtually disappeared. This meningococcal polysaccharide-tetanus toxoid conjugate vaccine (PsA-TT; MenAfriVac) was first introduced in 2010 in Burkina Faso; the overall incidence fell to less than 5 per 100,000 there in 2013. As the vaccine program has been extended across the countries of the belt (over 280 M doses given in the countries 2010-2017), in some areas of the belt meningococcal meningitis has fallen from 10-26/100,000 to 2-3/100,000. Overall the incidence of suspected meningitis cases fell an estimated 57% after MenAfriVac introduction.
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In Europe since the introduction of first the serogroup C, and now the serogroup A, C, Y, W conjugate vaccines and the recent introduction of serogroup B vaccines, rates have fallen in most countries from up to 4.5 /100,000 to 1 or less/ 100,000. 9, 40, 41 Reporting is highly variable across countries in Latin America and Asia due to a number of factors including weak surveillance systems, lack of guidelines, inconsistent case definitions and varying awareness of healthcare providers, 10, 12, 13 but in some of these countries (e.g. Japan, Mexico) incidence of disease is <.04%.
Incidence of invasive meningococcal disease is highest in three specific age groups: children under 5 years old, adolescents and young adults aged 16 through 21 years, and adults aged 65 and older. 7, 37 Certain serogroups are more likely to cause disease in specific age groups. 37, 42 Approximately 60% of meningococcal disease in US children under 5 years is caused by serogroup B. Serogroups C, W, and Y cause two thirds of disease in adolescents and young adults. The majority of disease in adults aged 65 and older is caused by serogroup Y or W. WGS techniques have provided additional insight into variations in invasive meningococcal disease based on age group. WGS data reveals that specific lineages and clonal complexes are strongly associated with invasive disease age groups. 43 
Meningococcal vaccines
History of vaccine development
Attempts to create an effective vaccine against N. meningitidis date back to the early 20 th century with the first (unsuccessful) attempt at a meningococcal vaccine prepared from heat killed bacterial cultures in the 1910s. 44 The first successful polysaccharide vaccines targeting serogroups A and C were developed based on the work of Gotschlich and colleagues between 1969 and 1971. 45 Clinical trials revealed vaccine efficacy of 89.5% against serogroup C disease. 46 These studies also established the basis for the serologic correlate of protection against meningococcal disease, the serum bactericidal assay, SBA. 47 The quadrivalent A, C, Y, W-135 meningococcal polysaccharide vaccine was first approved for use in 1978. Major limitations of meningococcal polysaccharide vaccines are that they are, except for the serogroup A polysaccharide, poorly immunogenic in children under age 2 and they are unable to induce long term immunologic memory since they behave as T-cell independent antigens and generate a predominant IgM antibody response.
Late in the 20 th century meningococcal vaccine development efforts became focused on improving the T-cell mediated immune response through conjugation of the polysaccharide to a protein. The success of the Haemophilus influenzae type b (Hib) protein-polysaccharide conjugate vaccines provided a model for meningococcal conjugate vaccine development. Conjugation, covalently coupling the capsular polysaccharide to a protein carrier, changes the human immune response from T-cell independent to T-cell dependent engaging helper T cells in maximizing a predominant high affinity IgG immune response. Conjugation ultimately results in an improved primary antibody response, especially in young children, creates affinity maturation, immunologic B cell memory and an amnestic IgG response at re-exposure. 48 The first meningococcal conjugate vaccines targeted serogroup C and were introduced in the United Kingdom in 1999 as a broad-catch up campaign in adolescents (who have the highest meningococcal carrier rates). Serogroup C Figure 1 . 2017 world map with recent reported incidence and predominant serogroup by region/country. The majority of disease globally is caused by six serogroups: A, B, C, W, X and Y. 35 Epidemiology varies based on both geographic location and age group.
conjugates vaccines were subsequently incorporated into the routine vaccination program for infants and young children. 49 Serogroup C disease decreased dramatically in the first 2 years after vaccine introduction and virtually disappeared by 2005. 50 A major contributor (approximately 50% of effectiveness) to this rapid decline was herd protection created by the generation of mucosal immunity by these vaccines and the interference with transmission of serogroup C expressing meningococci. 51 Vaccine effectiveness for reducing nasopharyngeal carriage of serogroup C in adolescents was more than 75% (serogroup C specific carriage decline from 0.42% to 0.09%), and the reduction in serogroup C meningococcal disease has persisted now for almost two decades. Similar MenC conjugate vaccine effectiveness was demonstrated recently in Brazil. Routine immunization with serogroup C meningococcal conjugate vaccines was started in 2010 in infants at 3 and 5 months, followed by a booster dose at 12 to 15 months. Unlike in the UK, a catch-up campaign was not implemented. After four years MenC invasive disease was reduced 64%-92% in the target population due to direct vaccine effects but overall population impact in older children and adults was not observed. 52, 53 Overall, the improved efficacy of meningococcal vaccines for serogroups A, C, W, Y in the last 15 years can largely be attributed to the success of protein-polysaccharide conjugation.
Serogroup B has presented significant challenges in vaccine development, as previously described. While some work has looked at vaccines based on unique structural aspects of the meningococcal serogroup B polysaccharide capsule, 54 ,55 the targeting of N. meningitidis outer membrane proteins rather than the serogroup B capsule has been a major focus. However, meningococcal outer membrane proteins and lipoproteins demonstrate significant genetic and structural variability. Outer membrane vesicle (OMV) based vaccines 56 such as "tailored" OMV vaccines were used successfully in outbreak settings such as in Cuba, Norway and New Zealand. 57 Recently, two meningococcal protein based serogroup B vaccines were licensed for routine and outbreak use in the US in persons aged 10-25 years old, 58 and in the UK, one is now used in infants and young children. 9 
Vaccines
While meningococcal polysaccharide vaccines are still in use, meningococcal protein-polysaccharide conjugate vaccines and serogroup B OMP or OMP/OMV based vaccines are now the standard for meningococcal disease prevention and outbreak management. Polysaccharide vaccines are being phased out; the A, C, W, Y polysaccharide vaccine will soon no longer be available in the US. WHO prequalified meningococcal vaccines composition, dosage, administration, and adverse effects. [59] [60] [61] [62] [63] [64] Vaccine efficacy and immunogenicity
Correlates of protection -serum bactericidal antibodies
The gold standard correlate of immunity to predict meningococcal vaccine efficacy is the serum bactericidal antibody (SBA) titer. The SBA assay measures the titer of antibodies present in serum and able to lyse strains of meningococci in the presence of a complement source. 65 Studies have revealed that a SBA titer of 1:4 or greater using human complement is a valid correlate of both short-and long-term protection against meningococcal disease. 47, 66, 67 When using the rabbit complement SBA, the valid correlate titer has been defined at 1:8 or greater; though some older studies used 1:128 as a cut off. The SBA has been deemed to be a conservative estimate of vaccine efficacy. 65 
Meningococcal polysaccharide vaccines: MPSV4
Antibody response after vaccination with MPSV4 is serogroup specific for each of the four polysaccharides included in the vaccine (A, C, Y, and W) and thus does not induce cross-protection. 37 Studies reveal an overall clinical efficacy of 85% using the MPSV4 vaccine against serogroup A and C disease. 68 Serogroup A antibody response to vaccine were documented in children as young as 3 months, but the response is not equivalent to that induced in adults until around age 4 to 5 years. 69, 70 The antibody response to serogroup C is reduced in children under 24 months. Vaccination with MPSV4 has been shown to induce production of bactericidal antibodies to polysaccharides. 71 but hypo-responsiveness with repeated vaccinations. 72 Polysaccharides alone are T-cell independent antigens and rely on inducing a humoral response via stimulation of IgM producing B lymphocytes. This response provides a short duration of protection and does not result in immunologic memory. 73 In order to maintain disease protection, repeat vaccinations were required every 3-5 years. Polysaccharide vaccines produce a particularly weak immune response in infants with very low documented SBA at one year post-vaccination. 74 The immunologic hypo-responsiveness with repeat dosing of serogroup A or C polysaccharide vaccine is also well documented. [75] [76] [77] [78] The polysaccharide vaccines do not confer longterm herd protection. 79 
Meningococcal conjugate vaccines
Conjugation refers to the covalent coupling of a meningococcal polysaccharide to a protein carrier. The success of the Haemophilus influenzae type b (Hib) conjugate vaccines in the late 1980s prompted a shift in meningococcal vaccine development towards conjugated vaccines with the first conjugate serogroup C vaccine introduced in the UK in 1999 and the first quadrivalent conjugate vaccine licensed for routine use in the US, Men-ACWY-D (Menactra), in 2010. Meningococcal conjugate vaccines are now in use globally with an excellent safety profile.
Conjugation changes the human immune response from T-cell-independent to T-cell-dependent, which results in an improved primary IgG response, especially in young children, and induces a stronger anamnestic response at re-exposure to encapsulated meningococci. 37, 48 While detectable SBA titers fall over time, immunologic memory persists. However, given the short incubation period from meningococcal acquisition to disease 1-10 days immunologic memory alone is not considered protective.
Studies of antibody persistence following vaccination with meningococcal conjugate vaccines show high SBA titers immediately following immunization followed by an initial decline in titers up to one year post-vaccination. In a study comparing conjugate to polysaccharide vaccine, the percentage of participants with rabbit SBA titers above 1:128 at 3 years post vaccination ranged from 71% to 95% in the conjugate vaccine group compared to 57% to 83% in the polysaccharide vaccine group. 80 One to five years post-vaccination titers remain relatively stable. 81 The decline in titers, while improved overall with conjugate vaccines, remains more pronounced in infants compared to older children.
Herd protection
A major advantage of meningococcal conjugate vaccines is the ability to induce herd protection through decreasing transmission and nasopharyngeal carriage. Several clinical studies have evaluated the effect of quadrivalent meningococcal conjugate vaccination on meningococcal nasopharyngeal carriage. Herd protection accounts for »one half of the effectiveness of conjugate vaccines at preventing disease, and has significantly enhanced their cost-effectiveness. A nationwide study conducted in the Netherlands examined the impact of herd protection in the 10 years following a successful mass immunization campaign with meningococcal serogroup C (MenC) conjugate (MCC) polysaccharide vaccine. 22 Comparing incidence rates of MenC disease in the 48 months prior to introduction of the vaccine to the 48-months at the end of the ten-year observation period, the authors found a 99% decline in MenC disease in the vaccinated population and a concomitant 93% decline in MenC disease in the unvaccinated population. Thus, herd protection plays a significant role in meningococcal conjugate vaccine impact and can have a durable impact lasting 10 years or longer after a mass vaccination campaign. In contrast to a mass vaccination campaign, the impact of a routine introduction into a immunization schedule on generating rapid herd protection is considerably reduced. 82 
MenACWY-D
Studies of MenACWY-D (Menactra) showed immunologic non-inferiority compared to MPSV4. Compared to MPSV4, vaccination with MenACWY-D produces similar proportion of patients with a 4-fold rise or higher in SBA titers to each of the four serogroups. 83 Cases of serogroup C and Y disease decreased among early adolescents age 11 to 14 years five years following introduction of the MenACWY-D in adolescents in the United States, supporting clinical effectiveness. 84 The decrease in cases was less pronounced, however, in older adolescents age 15 to 18 years.
Waning immunity to MenACWY-D was observed in a case control study evaluating vaccine effectiveness. 84 Overall vaccine effectiveness for adolescents immunized in the prior 0 to 5 years was 78.0% (95% confidence interval [CI] 29%-93%), but varied significantly based on time since vaccination. Vaccine effectiveness was 95% (95% CI 10%-100%) and 91% (95% CI: 10-100%) for those vaccinated less than 1 year earlier and 1 year earlier, respectively. Vaccine effectiveness was only 58% (95% CI: 72-89%) for those vaccinated 2 to 5 years earlier. The evidence of waning immunity indicated the need for booster dosing, which was added to the US ACIP vaccine recommendations.
The overall safety of MenACWY conjugate vaccines is like the MPSV4 vaccines, excellent. 85, 86 Post licensure, several cases of Guillain-Barr e Syndrome (GBS) were recorded as serious adverse events, suggesting a correlation between MenACWY-D and GBS. 37 Following these initial reports, a retrospective cohort study was performed which found the attributable risk of GBS with MenACWY-D vaccination to be around 1.5 cases per 1,000,000 doses. 87 However, a recent review of post-licensure surveillance safety data did not detect any new or unanticipated short or long-term safety concerns following MenACWY-D vaccination. 88 The overall benefit of meningococcal disease prevention is felt to outweigh a possible small risk of vaccine-related GBS. 89 A history of GBS remains listed as a precaution on the package insert for MenACWY-D. 
MenACWY-T
A third quadrivalent meningococcal conjugate vaccine Men-ACWY-T (Nimenrix) is now licensed in Europe, Australia and other countries. It is as effective as the other meningococcal conjugate vaccines in stimulating an immune response against all four serogroups of N. meningitidis and induces immunological memory. 92 
Booster dosing of MenACWY
Studies have shown that revaccination with the MenACWY quadrivalent conjugate vaccines was safe, well-tolerated, and resulted in substantially higher SBA titers than following initial vaccination. 37 The MenACWY quadrivalent conjugate vaccines can be used interchangeably for the booster dose, regardless of which vaccine was administered with initial vaccination. 93 HibMenCY-TT, a bivalent conjugate vaccine targeted for infants 2 94, 95 has been discontinued in the US and will no longer be available for administration.
MenAfriVac
MenAfriVac (PsA-TT) is a serogroup A meningococcal conjugate vaccine 60 that was developed by the Meningitis Vaccine Project (MVP) for use in the meningitis belt in Africa following the devastating epidemics in 1996-1997. MVP was a collaboration between the World Health Organization (WHO) and PATH as well as other local and international partners and collaborators. 96 MenAfriVac implementation required significant resource mobilization. The cost per vaccinated individual was estimated at US $40 and the total cost of implementation from 2011 to 2014 was estimated at US $253 million. 96 MenAfriVac mass vaccination campaigns targeted persons between age 1 and 29 years. 13 The campaign was well received by local governments and communities, with an aggregate administrative coverage in the initial 15 countries of nearly 98%. 96 The vaccine was found to be highly effective and resulted in a 57% decrease in incidence in suspected meningitis cases in vaccinated compared to unvaccinated populations and a 99% reduction in incidence of confirmed group A meningococcal disease was observed in fully vaccinated populations. 11 Over 280 M doses have now been given in the countries of the African meningitis belt. Nasopharyngeal carriage studies in Chad following mass vaccination showed a 98% difference in prevalence in the post-vaccine era compared with pre-vaccine, OR 0.019 (95% CI 0.002 -0.138). 97 Carriage rates decreased in those that were unvaccinated as well, indicating a significant herd protection effect. A low-cost pentavalent meningococcal conjugate (A, C, W, X, Y) is in development for Africa, projected for implementation in 2020 or 2021.
Serogroup B vaccines
History of meningitis serogroup B vaccine development
Poor immunogenicity observed in early clinical trials such as a candidate vaccine using conjugated serogroup B polysaccharide with tetanus toxoid 54 as well as concerns of inducing autoimmunity stalled development of serogroup B polysaccharide vaccines. Serogroup B vaccine development initially targeted outer membrane proteins/vesicles as a strategy but encountered the organism's significant phenotypic and genotypic diversity in protein expression. 56 Initial monovalent OMV vaccines were developed targeting the immunodominant meningococcal PorA porin. These vaccines offered strain-specific protection and were therefore useful in outbreak settings, but not for routine immunization. 98, 99 Further work in the 1990s focused on developing vaccines that contained multiple PorA proteins to overcome the strain-specific limitation, but these were unsuccessful. 100 Broadly crossreactive recombinant protein antigens in serogroup B vaccines to overcome the limitation of strain-specificity has proven a successful strategy. Novel targets were identified through whole genome sequencing: Neisseria adhesin A (NadA), Neisseria heparin-binding antigen (NHBA), and factor H binding protein (FHbp). 101 There are two currently available serogroup B meningococcal vaccines that utilize these proteins: MenB-4C vaccine (Bexsero R ) and MenB-FHp vaccine (Trumenba R ).
MenB-4C
In clinical trials investigating the immunogenicity of MenB-4C, the majority of subjects achieved 4-fold SBA response to two out of three test strains (expressing FHbp and NadA) at one month following vaccination and 63-88% had a composite SBA response lower limit of quantification for all three test strains. 63, 102 Co-administration of MenB-4C with MenACWY vaccines has been evaluated and demonstrated limited immunologic interference. 103 Safety of MenB-4C is similar to other meningococcal vaccines though increased reactogenicity, including febrile seizures, has been a concern. 104, 105 Safety data following the 2015 implementation of a national routine immunization program in the UK reveal higher rates of fever and local reactions, but no reported increase in seizure rates. 106 The increased reactogenicity did not appear to have a negative impact on compliance with subsequent vaccine doses. The two-dose vaccine effectiveness of MenB-4C among UK infants was estimated at 82.9% for all serogroup B cases. 105 
MenB-FHbp
Clinical trials for MenB-FHbp (Trumenba) evaluated SBA titers one month following the third dose of the series. In US and European studies with a 3-dose schedule of 0, 2, and 6 months, 81.8-85.7% of participants had a composite SBA response lower limit of quantification for all four primary meningococcal B strains tested. 62 Concomitant administration of MenB-FHbp vaccine with other routinely recommended vaccines for adolescents in the US including 4vHPV, Tdap or dTap/IPV, and MenACWY was evaluated in three clinical trials. 102, 107 No immunologic interference was observed for any of the vaccine antigens with coadministration with MenB-FHbp except for the antibody response to HPV type 18. For HPV type 18, noninferiority criteria were not met for the mean geometric titer ratio at 1 month after the third dose of 4vHPV vaccine was administered, but 99% of subjects still had seroconversion for all four HPV antigens. 102 Overall safety was similar to MenB-4C. Both vaccines have a higher incidence of pain at the injection site. Recently a two-dose series was approved for MenB-FHbp. 108 Significant questions remain regarding the need for and the timing of booster dosing for both serogroup B vaccines. Studies have shown a rapid decline in SBA titers at 12-18 months after completion of the initial vaccination series. A long-term follow up study to assess persistence of bactericidal antibodies up to 4 years after initial MenB-FHbp vaccination series revealed SBA titers above the correlate of protection in 50% of more patients to three of four meningococcal serogroup B test strains. 109 Additionally, cases of MenB following vaccination have not been reported in those at increased risk, with the exception of patients on eculizumab. 110 Further studies are currently underway to examine the persistence of immunity after the initial vaccine series and to explore immune responses following booster dosing.
The role of herd protection with the MenB vaccines is not established. Read et al. found reductions in nasopharyngeal carriage rates of all meningococcal strains 3 months after the second dose of MenB-4C compared with a control vaccination (Japanese Encephalitis vaccine). 111 Significant reductions in carriage rates for serogroups C, W, and Y were also seen at 1 month after a single dose of Men-ACWY-CRM compared with control vaccination. 112 Other studies have found no herd protection effect with the new serogroup B-focused vaccines. 113, 114 The MenB vaccines are relatively new and have not yet been widely implemented. Overall, initial data are conflicting and additional studies are underway or in development to evaluate the impact of MenB vaccines. 115 
Current global meningococcal vaccine recommendations
Monovalent and multivalent meningococcal conjugate vaccines against C or A, C, W, and Y have been included in country specific vaccination programs since 1999, with wide variation in the vaccines selected and specific recommendations for use. 49 Serogroup C vaccines were first introduced in the United Kingdom in 1999. 50 In the next decade, the monovalent C conjugates vaccines were introduced in different public health strategies across Europe, Canada, Australia and Brazil, and in other countries, resulting in significant reductions in serogroup C disease. 9 In 2005 the United States adopted an A, C, W, Y conjugate vaccine strategy for adolescents which was subsequently expanded to infants, children and older adults at risk. 116 The increasing importance of serogroups W and Y in several countries has led to the replacement of monovalent C vaccines with quadrivalent conjugates in some vaccine programs. In Latin America, quadrivalent A, C, W, Y conjugate vaccine is available in Colombia, Chile, Brazil, and Argentina. 49 Mexico has a national response strategy that includes the use of vaccines, but currently only in the case of outbreaks or travel to high-risk countries.
Recommendations for vaccination in the Asia-Pacific region are highly variable. 12 China has routine mass immunization programs in place using polysaccharide Men A and bivalent MenA and C in infants and young children. 49 Quadrivalent meningococcal vaccines are available in Japan, but there are currently no standardized recommendations for vaccination. Several meningococcal vaccines are available for use in Australia, including serogroup B and quadrivalent conjugate vaccines 117 but there is state and territory variation in the use of these vaccines.
US ACIP recommendations
Current US ACIP meningococcal vaccine recommendations by age group and risk category are summarized in Table 2 .
Special populations and persons at increased risk for meningococcal disease
Persons with HIV
Between 2010 and 2015 clusters of invasive serogroup C meningococcal disease were reported in men who have sex with men (MSM) in three major US cities: New York City (NYC), Los Angeles County (LAC), and Chicago. 118 This prompted a retrospective review of cases of meningococcal disease in men aged 18-64 years which revealed a significant increased risk of meningococcal disease in MSM compared to non-MSM, with HIV status as a potentially important factor contributing to increased risk. 32 HIV-infected MSM had 10.1 times the risk of meningococcal disease compared to HIV-uninfected MSM.
The ACIP updated meningococcal vaccine recommendations in June 2016 for persons with HIV based on the results from this review and from other studies conducted in the US, 119 England 120 and South Africa 121 that revealed a consistently elevated risk of meningococcal disease in HIV-infected individuals compared to HIV-uninfected individuals. The ACIP currently recommends that all persons aged 2 months with HIV infection should receive the meningococcal quadrivalent conjugate vaccine. 122 
College students
First-year college students living in residence halls should have at least one dose of MenACWY administered in the 5 years prior to college entry. Ideally, the most recent dose (primary or booster) should have been administered after the 16 th birthday. Some colleges and universities have policies requiring vaccination as a condition for enrollment and/or living in residence halls. Recent data also indicate and increased risk of serogroup B meningococcal disease in US college students.
Patients taking eculizumab (Soliris)
Eculizumab (Soliris) is a monoclonal antibody against complement component C5 licensed in the US for treatment of paroxysmal nocturnal hemoglobinuria (PNH) and atypical Children with functional or anatomic asplenia are at high risk for invasive pneumococcal disease and should not be vaccinated with Men-ACWY-D before age 2 due to risk of immunologic interference with the pneumococcal conjugate vaccine series.
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In HIV-infected children, if MenACWY-D is to be used, it should be administered at least 4 weeks after completion of all pneumococcal conjugate vaccine doses and should be administered either before DTaP or concomitantly with DTaP. 3 With no prior history of meningococcal vaccination. 4 In outbreak settings, vaccination is recommended for persons aged 56 who are at increased risk for meningococcal disease. 5 In HIV infected persons, MenACWY vaccination is recommended in persons above age 55 as well because of the need for booster doses.
hemolytic uremic syndrome (aHUS). 123, 124 Meningococcal disease risk in patients on eculizumab is 300 to 2000-times higher than the baseline risk of meningococcal disease for healthy individuals in the US. 125, 126 Nongroupable N. meningitidis strains appear to cause significant disease in patients on eculizumab. 34 Current ACIP guidelines recommend that patients treated with eculizumab should be vaccinated with both MenACWY and MenB vaccines. 37, 102 This provides minimal protection, however, against the nongroupable meningococcal strains disease and there are vaccine failures; thus the ideal management for these patients remains challenging. One strategy is to treat eculizumab recipients with long-term penicillin prophylaxis as the majority, but not all, of the isolates remain susceptible to penicillin. 34 Providers, patients and families should maintain a high index of suspicion for meningococcal disease in all patients receiving eculizumab and rapid administration of agents like ceftriaxone with initial symptoms is also a consideration.
Additional high-risk population recommendations are summarized in Table 2 .
Meningococcal serogroup B vaccine recommendations
Serogroup B OMV vaccines are now approved and in use in Europe, Canada, Australia, the United States and other countries but with wide variation in the recommendations for these vaccines. MenB-4C (Bexsero) was licensed in Europe in 2013 and in the United States in 2015. In the US adolescents and young adults aged 16 to 23 years (the age of greatest risk) may be vaccinated with a serogroup B vaccine. 58 In the United Kingdom, MenB-4C has been introduced in infants and young children as part of the routine immunization program. 127 Bexsero is now licensed for use in 35 countries. The second serogroup B vaccine was licensed in the United States in 2014 and Europe 2017, MenB-FHbp (Trumenba).
MenAfriVac vaccine recommendations in the African meningitis belt
The latest WHO recommendations for countries in the African meningitis belt were updated in a position paper in February 2015. 128 The WHO recommends that MenAfriVac should be introduced into the routine childhood immunization program in all meningitis belt countries within 1-5 years after completion of the mass vaccination campaign, along with a one-time catch-up campaign for birth cohorts born since the campaign who also would not fall within the age range targeted by routine childhood vaccination efforts. 128 In areas where vaccine coverage is less than 60% of the population, the WHO recommends periodic additional mass vaccination campaigns as herd immunity may be insufficient in areas with lower vaccine coverage rates. The WHO recommends a 1-dose schedule to be administered at age 9-18 months. In specific situations, vaccination may be needed in children less than 9 months. In this scenario, a 2-dose infant schedule is recommended starting at 3 months with doses separated by at least 8 weeks.
Recommendations for outbreak management
Community-based outbreaks
An outbreak is defined by the occurrence of at least three confirmed or probable primary cases of meningococcal disease caused by the same serogroup in 3 months with an associated primary attack rate of 10 cases per 100,000 population. 37 The at-risk population to target with a mass vaccination campaign in the setting of an outbreak is defined as the smallest geographically contiguous population that includes all patients. The vaccination group following a community outbreak usually includes the portion of the population at risk that is under age 30. In rare situations where multiple cases have occurred outside of this age group, the entire population may be administered vaccination. Vaccine choice depends on the serogroup responsible for the outbreak.
Organizational-level outbreaks -Universities and college campuses
Organizational-level outbreaks have been a topic of much recent discussion in the US; thirteen outbreaks of serogroup B meningococcal disease on college campuses have been reported between 2008-2017. 58 Prior outbreaks in Norway, France, Cuba and New Zealand had been effectively managed by mass vaccination campaigns with strain specific meningococcal OMV B vaccines. 129 Due to sustained disease transmission, the decision was made by the FDA to approve the use of a MenB-4C vaccine for use in two US college outbreaks prior to licensure in the US. 130 The two meningococcal serogroup B vaccines are now licensed in the United States and both are used in control of college outbreaks.
Organizational-level outbreaks remain an active issue, and the ideal treatment strategies for these outbreaks remain a topic of discussion among experts. The CDC recently published updated outbreak guidelines. 131 For A, C, W, or Y serogroup disease, a MenACWY conjugate vaccine is recommended in all persons aged 2 months at increased risk for meningococcal disease. For serogroup B disease, a MenB vaccine is recommended in all persons aged 10 years at increased risk for meningococcal disease. There are no current recommendations for booster dosing of MenB vaccine, but the need for re-vaccination is actively being evaluated, so this may change in the future.
A randomized, controlled trial was conducted recently in Canada to examine safety and immunogenicity of an accelerated vaccine schedule for MenB-4C (0, 21 days) compared to the standard schedule (0, 60 days). 132 The preliminary results from the trial show that SBA titers increased rapidly after vaccination and were higher earlier in the accelerated schedule group, without any significant change in adverse events. Potentially accelerated schedules could be implemented to control serogroup B outbreaks on college and university campuses.
Hajj and Umrah pilgrimages to Mecca
The annual Hajj or Umrah pilgrimages to Mecca poses public health issues, including the concern for outbreaks of meningococcal disease. The pilgrimages attract more than a million Muslim pilgrims yearly from around the world. Several epidemics have been linked to the Hajj -in 1987, a meningococcal serogroup A epidemic occurred during the pilgrimage and in 2000 and 2001 an outbreak of W meningococcal disease occurred. 133 In both epidemics, disease spread across multiple continents in returning pilgrims. Overcrowding contributes to disease spread and studies have shown increased rates of nasopharyngeal carriage of meningococcal strains among pilgrims and Saudi Arabian citizens living near the Holy Mosque. 134, 135 The latest Saudi Arabian health guidelines implemented in 2001 require all pilgrims and local at-risk populations to be vaccinated with quadrivalent polysaccharide vaccine prior to being issued a Hajj visa. With the new effective serogroup B OMV vaccines and changing meningococcal disease epidemiology, future guidelines may also require serogroup B vaccine prior to pilgrimage, but this is not currently mandatory. 135 Recent meningococcal disease updates and implications for future vaccine development
Meningococcal Urethritis
An increase in N. meningitidis urogenital infections has recently been documented in heterosexual men attending sexual health clinics in the US. 136 The presumed mode of acquisition is through oral sex (fellatio), given that N. meningitidis is a frequent colonizer of the nasopharynx. 137 To date » 300 confirmed cases of meningococcal urethritis have been identified. Research has shown that all these cases are caused by the same nonencapsulated, nongroupable N. meningitidis clade, US_N-mUC. 138 Furthermore, isolates from the US_NmUC clade have acquired gonococcal aniA and norB genes which allow the isolates to grow well anaerobically and help facilitate urogenital tract disease. These clusters of N. meningitidis urogenital disease raise concerns about emergence of nongroupable isolates in disease and support further research into pathogenesis and modes of sexual transmission of N. meningitidis.
Effectiveness of a group B outer membrane vesicle vaccine against Neisseria gonorrhoeae
Recently, Helen Petousis-Harris and others in New Zealand published a retrospective case-control study that suggested effectiveness of a group B outer membrane vesicle meningococcal vaccine (MeNZB) against clinical gonorrhea. 139 While the clinical syndromes are usually different, N. gonorrhoeae and N. meningitidis share 80-90% genetic homology in genome nucleotide sequences. The MenZB outer membrane vesicle vaccine is meningococcal strain specific vaccine with a major epitope, the VR2 epitope on the PorA P1.7-2.4 protein, a major porin protein PorA. 140 However, MenZB also contains other outer membrane proteins and lipooligosaccharide. 141 The Petousis-Harris et al. study examined subsequent rates of gonorrhea within the population that was eligible for vaccination following a mass vaccination program between 2004 to 2008 targeting infants aged 6 weeks up through adults up to age 20 years. The study population consisted of patients attending sexual health clinics and followed a case-control model where cases were individuals who were gonorrhea positive only and controls were chlamydia positive only. The study found that vaccinated individuals were much less likely to be cases of gonorrhea than controls, with an adjusted odds ratio (OR) of 0.67 (95% CI 0.61-0.79). The estimated vaccine effectiveness of MeNZB against gonorrhea was estimated at 31% (95% CI [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . This was the first time a vaccine has been shown to have a protective effect against gonorrhea. The outer membrane vesicle preparation is the same as that found in the licensed serogroup B vaccine Bexsero.
The same research group out of New Zealand also recently conducted a cohort study of hospitalizations due to gonorrhea between 2004 and 2015. 142 They found that MenZB vaccinated individuals in their early teens at the start of the mass vaccination program were significantly less likely to be hospitalized due to gonorrhea compared to those who were unvaccinated, with a hazard ratio of 0.53 and corresponding vaccine effectiveness estimate of 47%. Further, following the use of Bexsero in a Canada meningococcal outbreak, surveillance data suggests this vaccine may also have activity against N. gonorrhoeae. Additional research is needed to confirm these findings and understand the cross-reactive antigen.
Cost-effectiveness
As meningococcal vaccines continue to be developed and implemented worldwide, cost-effectiveness has emerged as a contentious issue. 143 Overall the public health burden of meningococcal disease has decreased, while the costs of developing and bringing new vaccines to market continue to rise. 144 Widespread licensure and population level immunization programs require significant financial support, with less cost effectiveness. However, vaccines remain very effective interventions and meningococcal disease, striking otherwise healthy infants, children and young adults and resulting in significant mortality and morbidity, is devastating to individuals, families and communities. Utilizing strategies that maximize cost-benefit such as vaccine campaigns that recognize and maximize her protection, developing programs such as MenAfriVac that produce low-cost effective meningococcal vaccines, and weighing the benefits of vaccines versus more costly medical interventions that provide little or no public health benefit are options to address the concern. Issues surrounding how vaccination implementation decisions are made at a governmental level will remain a challenge.
Vaccines in development
Other meningococcal vaccines in development include a lowcost ACYW(X) protein polysaccharide conjugate vaccine designed for use in Africa. The vaccine, NmCV-5, is being developed with support from the UK Department for International Development (DFID), the Serum Institute of India, and PATH and is expected between 2020 and 2022. A Phase 1 trial of the vaccine was recently conducted at the Center for Vaccine Development, University of Maryland, Baltimore. 145 The results were encouraging for both safety and immunogenicity with high rSBA titers elicited against all meningococcal serogroups.
Combination vaccines to cover serogroups ACYW and B are also in development. One approach combines the A, C, W, Y/ CRM-197 conjugate with MenB-4C. 146 
Conclusions
The control of meningitis, meningococcemia and other infections caused by Neisseria meningitidis continues to be a significant global health challenge. However, significant progress has occurred in the last twenty years in meningococcal vaccine development and global introduction. Immunization against N. meningitidis is the most effective means to prevent invasive disease. Meningococcal protein-polysaccharide conjugate vaccines to A, C, W, and Y (modeled after the Haemophilus influenzae b conjugate vaccines) were developed that provide better duration of protection and immunologic memory, and overcome the limitations of immune responses in infants and young children and the hypo-responsiveness to repeated vaccine doses seen with meningococcal polysaccharide vaccines. ACWY conjugate vaccines also interfere with transmission and reduce nasopharyngeal colonization and provide significant herd protection, expanding effectiveness. Advances in MenB vaccine development have occurred using conserved outer membrane proteins with or without OMV as vaccine targets. Future directions and challenges for meningococcal vaccine research include combination vaccines containing ACYW(X) and B, improving on the serotype coverage of the serogroup B vaccines, determining the ideal booster schedules for the conjugate (MenAfriVac) and MenB vaccines, tackling issues of waning effectiveness for a longer lasting immune responses (e.g. is there a herd protection effect for the new serogroup B vaccines?), understanding the best use of meningococcal vaccines in high risk populations and in outbreaks, introducing meningococcal vaccines globally to maximize effectiveness, and in reducing the costs (increasing the availability) of the vaccines. Meningococcal vaccine work may be providing important paths to previously unsuccessful gonococcal vaccine strategies.
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